ABSTRACT -A cell model analysis is used to study the nucleation and subsequent growth of voids from a nonuniform distribution of inclusions in a ductile material. Nucleation is modeled as either stress controlled or strain controlled. The special clusters considered consist of a number of uniformly spaced inclusions located along a plane perpendicular to the maximum principal tensile stress. A plane strain approximation is used, where the inclusions are parallel cylinders perpendicular to the plane. Clusters with different numbers of inclusions are compared with the nucleation and growth from a single inclusion, such that the total initial volume of the inclusions is the same for the clusters and the single inclusion. After nucleation, local void coalescence inside the clusters is accounted for, since this makes it possible to compare the rate of growth of the single larger void that results from coalescence in the different clusters. Nucleation parameters leading to rather early nucleation, or to later nucleation, are considered. Also, different transverse stresses on the unit cell are considered to see the influence of different levels of stress triaxiality, and results are shown for different levels of strain hardening in the material.
INTRODUCTION
Early models for void growth in ductile metals under tensile loading have been developed by McClintock [1] and Rice and Tracey [2] , and subsequently a large amount of research has focussed on this area (see reviews by Garrison and Moody [3] ; Tvergaard [4] ; Benzerga and Leblond [5] ; Benzerga et al. [6] ). Most models for ductile porous materials have considered solids with uniformly distributed voids, but in real materials the voids are often more or less randomly distributed, so that the effect of non-uniform distances between voids can be of importance to the material response. This has been illustrated by Becker [7] for specimens made of partially consolidated and sintered iron powder, with analyses based on the constitutive equations of Gurson [8] extended in (Tvergaard [9] ; Tvergaard and Needleman [10] ).
To study non-uniform void distributions, Geltmacher et al. [11] have considered thin metal sheets under either uniaxial or equal-biaxial tension, with various random distributions of through-thickness holes. Thomson et al . [12, 13] have studied periodic clusters of particles in the form of two closely spaced spherical particles, placed either on a line perpendicular to the maximum principal stress direction, or on an inclined line, with void nucleation modelled by a cohesive zone at the interface, or by failure in a secondary population of small voids represented by the Gurson model. The two voids on a line perpendicular to the maximum principal stress direction were found to be most critical. Bandstra and Koss [14] have analysed a cluster of three closely spaced spherical voids, by considering a 3D finite element solution for a triangular material region that contains only part of one void. Babout et al. [15] have experimentally studied a model material fabricated by powder metallurgy with spherical ceramic particles in either commercially pure aluminium, or in a hardening aluminium alloy.
For such a material Segurado and LLorca [16] have made 3D finite element studies, accounting for different clusters of spherical particles within the unit cell. A disk shaped cluster normal to the maximum tensile stress direction has also been studied by Ohno and Hutchinson [17] in an axisymmetric solution, with the cluster represented by a Gurson material, to determine when the effect of the cluster is strong enough to give plastic flow localization in the band containing the cluster.
With random void distributions in front of a crack-tip, represented in terms of a Gurson material, it has been found (Tvergaard and Needleman [18, 19] ) that first hole linking is promoted by a decreased interhole spacing as occurs in clusters of voids. Also, experimental studies for a resulferised stainless steel (AISI 303) have shown (Tinet et al. [20] ) that small micro-cracks can develop by local coalescence well before the final catastrophic void coalescence.
A previous study of cluster effects (Tvergaard [21] ) has considered the interaction of a number of voids located on a line perpendicular to the maximum principal stress direction, with the purpose of comparing the effect of clusters with different numbers of voids, but with the same total initial void volume fraction. This study was carried out in a plane strain context so that the voids are actually parallel circular cylindrical voids, and an important aspect of the analyses was that void coalescence inside the cluster is accounted for, so that the cluster of small voids finally develops into a single larger void. In the present paper this study is extended by considering similar clusters of inclusions and studying the effect of nucleation.
Both a strain controlled nucleation mechanism and a stress controlled mechanism are modelled.
PROBLEM FORMULATION AND NUMERICAL PROCEDURE
The cluster of inclusions to be analysed has the same initial geometry as the voids analysed in (Tvergaard [21] ). Thus, the inclusions are located at the center of a rectangular region with the x -direction is zero. The matrix material is taken to be perfectly bonded to the inclusions initially and nucleation is taken to occur either by a stress controlled mechanism or by a plastic strain controlled mechanism. Stress controlled nucleation is taken to occur when the average stress n Σ on the centre line in the inclusion, in Here n ε is defined by
where p ε is the effective plastic strain in the metal along the inclusion surface. For each inclusion both the stress controlled condition and the strain controlled condition are checked throughout the analysis, prior to nucleation for that inclusion. When one of the conditions is satisfied nucleation is started at that inclusion, such that all nodes along the inclusion are released and the nodal forces are stepped down in a number of subsequent increments.
It is noted that the nucleation process could also have been described by using a cohesive zone model, as has been done for inclusions (Needleman [22] ) or short fibres (Tvergaard [23] ), specifying a stress controlled nucleation. Then separation along the inclusion interface would start locally at the point of the inclusion surface where the stress is highest, and subsequently spread along the interface. However, the method of letting the averages (1) and (2) determine the onset of nucleation at each inclusion is found sufficient here, to get an impression of the effect of differences in the nucleation stress or the nucleation strain. The main issue is not the gradual separation of an inclusion but the delay in void growth due to accounting for nucleation and the sequence of nucleation due to the non-uniform stress and strain state around the cluster of inclusions studied.
A   , with the instantaneous moduli specified in (Hutchinson [24] ; Tvergaard [25] ). With Young's modulus E , the initial yield stress Y σ and the power hardening exponent n , the true stress-logarithmic strain curve in uniaxial tension is taken to follow the power law
In the plane strain unit cell analysis, where v N is the number of inclusions in the cluster, the initial inclusion volume fraction is 
The average logarithmic strains in the two coordinate directions are is chosen as a reasonable approximation to such cases where the ligament breaks before it has necked down to a point.
NUMERICAL SOLUTION
The principle of virtual work expanded about the current state takes the form
Here, V and A are the volume and surface of the body in the reference configuration, x -direction on the matrix-inclusion interface, and the effective plastic strain in (2) is calculated as the average in each of the elements adjacent to the interface.
When a ligament between voids reaches the critical thinning so that coalescence initiates, the boundary condition (7) is relaxed at that ligament and the corresponding nodal forces are stepped down to zero during the following increments.
In each increment a special Rayleigh-Ritz finite element method (Tvergaard [25] ) is used to maintain the prescribed stress ratio (10) . This method also makes it possible to prescribe internal displacement increments in the material above voids without applying a force there, to be able to continue the solution through unstable equilibria that occur during the node force release procedures used to represent both the void nucleation and the coalescence process.
Also, prior to nucleation, the displacements of a rigid inclusions in the During the coalescense severe mesh distortion tends to occur, which is avoided by using a remeshing procedure developed by Pedersen [28] and Tvergaard [29, 30] . In the first case analysed the ratio of the transverse stress to the main tensile stress is taken to be given by 0.25 κ = in Eq. (10) . This corresponds to a macroscopic stress triaxiality, mean stress divided by Mises stress, of about 0.96 . Even though the macroscopic principal stress 33 Σ is not calculated here, an assumption of zero plastic strain rate and thus zero stress deviator in the , the last ligament breaks. Thus, compared to the results in Fig. 3 , the trends are opposite to those found in Fig. 11 , the first nucleations occur at slightly larger strains, but the ligaments break at smaller strains.
DISCUSSION
The nucleation criteria used here are based on an average normal stress (1) on the inclusion, or on an average plastic strain (2) along the surface of the inclusion. Stress controlled nucleation could also be directly specified in terms of a cohesive zone around the particle, as has been done in [31] for an inclusion or in [32] for a whisker reinforced metal. A strain dependence of the nucleation could be included in a cohesive zone model, following the procedure suggested in [33] . However, the simplified procedure applied here is expected to
give a good indication of the effect of stress or strain on nucleation of voids at the inclusions.
As in the previous investigation of clusters of pre-existing voids [21] the focus here is on comparing different clusters of inclusions that all have the same initial inclusion volume fraction, to see which of the clusters is most damaging when all the voids have coalesced into one. Also here the clusters compared have the inclusions located along a line perpendicular to the largest principal tensile stress. As in the previous study it turns out that the clusters of either 5 or 9 equally spaced inclusions lead to more rapid void growth in the final stage, after nucleation and coalescence of the voids, than found for the single inclusion. But the final void at the cluster grows large at a later stage when void growth is delayed by late occurrence of nucleation.
The abrupt load drop at nucleation occurs due to the redistribution of the stress field as the nodes on the matrix-inclusion interface are released and the corresponding nodal forces are stepped down. Here the solution is taken through an unstable equilibrium, where both the overall stress and the overall strain decay, while the opening at the matrix-inclusion interface increases. In an experiment with increasing strain prescribed such unstable equilibrium would be replaced by a dynamic snap.
If the cluster contained inclusions above those on the 1 x -axis considered here, interaction between voids would most likely involve intense shearing. However, as the focus here is on clusters with a fixed total volume fraction of inclusions, the size of the voids would be smaller if a different distribution involved more voids in a cluster.
It is noted that the 3D study in [10] also accounts for nucleation and subsequent void growth, but in a manner quite different from that applied here. In [10] , and the spacing between these resulting voids is still much larger than the void size.
The very small total inclusion volume fraction has been chosen here to avoid noticeable interaction between neighbouring clusters. If this also involved very small voids, with diameters comparable to a characteristic length scale for the material, the rate of void growth would be reduced by strain gradient effects. However, the analyses here do not account for non-local effects.
The studies with a higher or lower strain hardening clearly show that the strain hardening affects the onset of nucleation and also the subsequent void growth. A more high hardening material tends to give higher stresses that promote earlier void nucleation, but the subsequent void growth is slower. On the other hand, a low hardening material gives lower stress levels, which tends to delay void nucleation, but the subsequent void growth is faster.
The choice of the critical value c c for ligament thinning also has an influence on the failure predictions. Here the value 0.3 was chosen, but other values have been tried in studies of crack growth. If a smaller value was chosen, to better model necking of the ligament down to a point, the predicted strain at which the voids in a cluster coalesce to a single void would be slightly increased.
The cases of increased or reduced stress triaxiality studied here did not have much influence on the onset of nucleation, because in those cases nucleation was strain controlled.
The higher stress triaxiality gives higher stress levels and therefore, if stress controlled nucleation was first critical it would occur earlier for the higher stress triaxiality. After nucleation the voids grow much faster at the higher stress triaxiality, as expected.
The question studied by Ohno and Hutchinson [17] , whether or not the cluster would result in plastic flow localization in the band along the 
